Abstract: MIMO technology has been widely used for several years for the purpose of improving communication speed and communication capacity. However, if MIMO antenna is mounted closely, radiation efficiency and throughput of MIMO are decreased due to strong mutual coupling. In this paper, a decoupling method using meander branch antenna is proposed. It is confirmed that the mutual coupling is reduced and the radiation efficiency is increased by utilizing this method. Moreover, further developing this method, it is confirmed that a decoupling bandwidth can be enhanced.
Introduction
In recent years, MIMO technology [1] has been introduced in various small wireless terminals for the purpose of an increase in communication speed and communication capacity. However, if MIMO antenna is mounted on limited space such as mobile phones, a strong mutual coupling occurs because a distance between antenna elements is close. The strong mutual coupling causes lower radiation efficiency and decreased throughput of MIMO. Therefore, a decoupling method of MIMO antenna is required.
Decoupling methods for 2 Â 2 MIMO have been developed. Among them, the decoupling method using branch shape elements without utilizing circuit components [2] could be applied to the small wireless terminals. This conventional method utilized the following principle. When jY 21 j of antennas is nearly zero at desired frequency, the mutual coupling of the antennas is reduced [2] . Here, the frequency at which the real and imaginary part of Y 21 changed is defined as "inflection point". Regular monopole such as Fig. 1(a) -(1) has one inflection point. However, a branch shape antenna has two inflection points. As a result, frequency of jY 21 j ¼ 0 was appeared between two inflection points. Then, adjusting the branch shape element length as the desired frequency is sandwiched between two inflection points, mutual coupling of the antennas was reduced because it obtained jY 21 j ¼ 0 at desired frequency.
However, conventional report only discussed at higher frequency than inflection point of own antenna, it did not discuss at lower frequency than it. Especially, it has been demanded to reduce mutual coupling at lower frequency because small cellular antenna which has higher inflection point has been widely used for several years.
Then, this paper shows a branch antenna with meander structure. This meander branch antenna enables decoupling condition jY 21 j ¼ 0 and small antenna size. Moreover, we report that optimizing its length allows decoupling bandwidth to spread.
The decoupling method and analysis models are shown in Section 2. The result of utilizing this method and decoupling bandwidth enhancement are shown in Section 3. Finally, the conclusion on this study is presented in Section 4.
2 Decoupling method and analysis models 2.1 Decoupling method Analysis models accounting for the decoupling method are shown in Fig. 1(a) . (1) 30 Â 1 mm monopole, this is hereinafter referred to "primary element" in this paper, (2) monopole with a short element added to the primary element, (3) monopole with a long element added to the primary element. Fig. 1(b) is jY 21 j of each antenna. First, the primary element generates "inflection point α" corresponding to its electrical length. By contrast, the monopole added the short element generates another inflection point at higher frequency than inflection point α. Similarly, the monopole added the long element generates another inflection point at lower frequency than inflection point α. Therefore, when a scope of decoupling is at lower frequency than inflection point α, an additional long element generating inflection point at lower frequency is required. It is important to miniaturize whole antenna size including the additional element considering the practical use. Then, to miniaturize the whole antenna size, a branch antenna inserted inductors in antenna elements was reported [3] . However, large ohmic loss due to the inductors was concerned. In this paper, a proposed antenna is used meander structure instead of inductors. Fig. 2(a) is 2-element monopole spaced 12 mm between elements for our analysis. The proposed antenna with a meander element is shown in Fig. 2(b) . These antennas having symmetrical structure and can operate at 1.5 GHz by using matching circuits. Each antenna array is implemented on a 95 Â 50 Â 0:8 mm one-side 35 µm copper plate FR4 substrate, a ground plate is 95 Â 50 mm. The proposed antenna is added meander element to the primary element to obtain jY 21 j ¼ 0 at desired frequency, and an additional element used meander structure to reduce its size. Thereby the proposed antenna is disposed closely, the closest interval is 2 mm (=100 mm in the free space at desired frequency).
Analysis models
3 Decoupling using the meander branch antenna 
Design method of the proposed antenna
In this section, decoupling result of the proposed antenna is shown. Fig. 3(a) is Y 21 of the proposed antenna. In Fig. 1(a) - (1) the primary element, the inflection point α exists at 1.7 GHz. By adding the meander element to this primary element, another inflection point is generated at low frequency of 1.2 GHz. ðReÞY 21 has a large negative value at an inflection point. On the other hand, ðImÞY 21 is changed from negative value to positive value according to the increased frequency. Therefore, ðReÞY 21 is almost 0 mS at the desired frequency of 1.5 GHz sandwiched between two inflection points. Moreover, it is possible that ðImÞY 21 can cross 0 mS line by moving two inflection points. That is, it is able to satisfy the decoupling condition jY 21 j ¼ 0 at the desired frequency by adjusting meander element length.
In Fig. 3(b) , S-parameters of the proposed antenna is shown. The goal of this paper is keeping S-parameters of the matching and coupling under −10 dB. The proposed antenna obtained good impedance matching at 1.5 GHz because matching circuits are disposed. In addition, the mutual coupling is improved to −13.7 dB at 1.5 GHz. jY 21 j is exactly 0 at this frequency. Moreover, a radiation efficiency of the proposed antenna is high, −1.8 dB, due to decoupling effect. Compared to 2-element monopole without decoupling, this result shows that the mutual coupling reduced by 11.3 dB and the radiation efficiency increased by 2.8 dB. However, a fractional bandwidth of S 11 and S 21 under −10 dB is 1.2% narrower in this antenna, bandwidth enhancement is required considering the practical use. The solution is elaborated in the following section.
Bandwidth enhancement by optimizing element length
In this section, it is shown that it is possible to spread the decoupling bandwidth by optimizing proposed antenna's monopole and meander element length. Since ðReÞY 21 of the proposed antenna value is almost kept 0 mS at the frequency between two inflection points as Fig. 3(a) shows, it can be considered that ðReÞY 21 has a small influence of the mutual coupling. On the other hand, although ðImÞY 21 is 0 mS at the desired frequency, it has a slope. It is assumed that by making its slope gentle, the bandwidth of jY 21 j which is almost 0 mS and the decoupling bandwidth will be spread.
To make the slope of ðImÞY 21 gentle, a wideband model (Fig. 3(b) ) separated two inflection points is made. It is designed by shortening the monopole element by 2.0 mm and widening the meander element by 1.5 mm compared to the proposed antenna. Fig. 3 Fig. 3(d) , S-parameters of the wideband model disposed matching circuits is shown. The wideband model's fractional bandwidth of S 11 and S 21 under −10 dB is 3.1%. It is possible to obtain more than twice the fractional bandwidth relative to the proposed antenna 1.2%.
Conclusion
In this paper, a decoupling method for lower frequency than primary element's Y 21 inflection point by adding the meander element is proposed. The proposed antenna can generate Y 21 inflection point at lower frequency and can satisfy the decoupling condition jY 21 j ¼ 0. Therefore, the proposed antenna has produced low mutual coupling and high radiation efficiency. Moreover, separating two Y 21 inflection points by optimizing the monopole and meander element length, it led to the spread of the bandwidth of jY 21 j ¼ 0 and the decoupling bandwidth.
As for future studies, widening the decoupling bandwidth is required. Furthermore, supporting the proposed method to multiple antennas more than 2 elements is also future task.
